A recently derived basic theorem on the decomposition of SO(2N) vertices is used to obtain a complete analytic determination of all SO(10) invariant cubic superpotential couplings involving 16 ± semispinors of SO(10) chirality ± and tensor representations. In addition to the superpotential couplings computed previously using the basic theorem involving the 10, 120 and 126 tensor representations we compute here couplings involving the 1, 45 and 210 dimensional tensor representations, i.e., we compute the 16 ∓ 16 ± 1, 16 ∓ 16 ± 45 and 16 ∓ 16 ± 210 Higgs couplings in the superpotential. A complete determination of dimension five operators in the superpotential arising from the mediation of the 1, 45 and 210 dimensional representations is also given. The vector couplings 16 ± 16 ± 1, 16 ± 16 ± 45 and 16 ± 16 ± 210 are also analyzed. The role of large tensor representations and the possible application of results derived here in model building are discussed.
Introduction
The group SO(10) is an interesting possible candidate for unification of interactions [1] and there has been considerable interest recently in investigating specific grand unified models based on this group. Thus SO(10) models have many desirable features allowing for all the quarks and leptons of one generation to reside in the irreducible 16 plet spinor representation of SO (10) and allowing for a natural splitting of Higgs doublets and Higgs triplets. Progress on the explicit computation of SO(10) couplings has been less dramatic. Thus while good initial progress occured in the early nineteen eightees in the introduction of oscillator techniques [2, 3, 4] , there was little further progress on this front till recently when a technique was developed using the oscillator method which allows for the explicit computation of SO(2N) invariant couplings [5] . It was also shown in Ref. [5] that the new technique is specially useful in the analysis of couplings involving large tensor representations. Large tensor representations have already surfaced in several unified models based on SO(10) [6] and one needs to address the question of fully evaluating couplings involving the 16 plet of matter and Higgs with these tensors. In Ref. [5] a complete evaluation of the cubic superpotential involving the 16 plet of matter was given. Since 16 × 16 = 10 + 120 a + 126 s the evaluations given in Ref. [5] involved 16 − 16 − 10, 16 − 16 − 120 and 16 − 16 − 126 couplings.
In this paper we carry the analysis a step further and give a complete evaluation of the 16 − 16 couplings which involve the SO(10) tensors 1, 45 and 210. Further, technically the couplings of 16 − 16 + are not necessarily the same as of 16 + 16 − . Thus we give a full evaluation of the 16 ∓ 16 ± 1, 16 ∓ 16 ± 45 and the 16 ∓ 16 ± 120 couplings. An analysis of 16 ± 16 ± 1,16 ± 16 ± 45, and 16 ± 16 ± 210 vector couplings is also given.
The analysis given here will have direct application in the further development of SO(10) unified models and in a fuller understanding of their detailed structure. We wish to point out that one may also use purely group theoretic methods to compute the Clebsch-Gordon co-efficients in the expansion of SO(10) invariant couplings. Such an approach was used in Ref. [7] to compute the E 6 couplings. Our approach is field theoretic and is specially suited for the computation of SO(2N) couplings. The outline of the rest of the paper is as follows: In Sec.2 we give a brief review of the basic theorem derived in Ref. [5] which is central to the computation of SO(2N) invariant couplings. In Sec.3 we use the basic theorem to compute the superpotential couplings cubic in fields involving 16 ∓ 16 ± and the 1 and 45 tensor fields. In Sec.4 a similar analysis is carried out using the 210 multiplet. In Sec.5 where the SU(5) singlet state |0 > is such that b i |0 >= 0. The subscripts a, b = 1, 2, 3 are the generation indices. The group theoretic difference between the chirality (+) and (−) states is that chirality (+) states are generated by the action of an even number of creation operators on the vacuum state while the chirality (−) states are generated by the action of an odd number of creation operators. The chirality (+) fields, |Ψ (+)a >, (a = 1, 2, 3) can be identified with the three generations of quarks and leptons, constituted by three sets of5 + 10 plets of SU(5) and three SU(5) singlet (right handed neutrino) fields. The chirality (−) fields, |Ψ (−) > could be Higgs multiplets that arise in SO(10) model building. The role of the negative chirality fields in model building will be discussed at the end of Sec.5. For the sake of completeness we identify the components of a 16 plet |Ψ (+)a > in terms of particle states so that
where α, β, γ = 1, 2, 3 are color indices and we adopt the convention that all particles are left handed(L).
Our main focus is the computation of the cubic and quartic couplings in the superpotential. As already mentioned in the introduction the couplings of the tensor fields 10, 120 and 126 with 16 × 16 have already been computed in Ref. [5] and here we focus on the couplings of the tensor fields 1, 45 and 210 with 16 × 16. Specifically the interactions of interest in the superpotential involving 16 ± semispinors are of the form
where
is an SO(10) charge conjugation operator, and
where we have introduced the notation Φ c i = Φ 2i + iΦ 2i−1 and
This is extended immediately to define the quantity Φ c i c j c k .. with an arbitrary number of barred and unbarred indices, where each c index can be expanded out so that
like a reducible representation of SU(N) which can be further decomposed in its irreducible parts.
The 45-plet tensor coupling
We first present the result of the trivial 16 × 16 × 1 couplings. Eq.(8) at once gives
where H is an SO (10) 
To compute the 16 × 16 × 45 couplings we expand the vertex Σ µν Φ µν using Eq. (13) where Φ µν is the 45 plet tensor field
The reducible tensors that enter in the above expansion can be decomposed into their irreducible parts as follows
To normalize the SU(5) Higgs fields contained in the tensor Φ µν , we carry out a field redefinition
In terms of the normalized fields the kinetic energy of the 45 plet of Higgs
The terms in Eq.(19) are only exhibited for the purpose of normalization and the remaining supersymmetric parts are not exhibited as their normalizations are rigidly fixed relative to the parts given above [8] . Finally, straightforward evaluation of Eq.(9) using Eqs.(16-18) gives 
4 The 210-plet tensor coupling
We turn now to the computation of the 16 × 16 × 210 couplings. Using Eq. (13) we decompose the vertex
The tensors that appear above can be decomposed into their irreducible parts as follows We carry out a field redefinition such that
Now the kinetic energy for the 210 dimensional Higgs field is −∂ A Φ µνρλ ∂ A Φ † µνρλ , which in terms of the redefined fields takes the form
Evaluation of Eq.(10), using Eq.(22) and the normalization of Eq. (24) gives,
We note that 16 N − 16 M − 210 H couplings have the SU(5) invariant structure consisting of 1
We note that the couplings of W 
Quartic Couplings of the form 16 16 16 16
In phenomenological analyses one generally needs more than one Higgs representations. Hence to keep the analysis very general we not only keep the generational indices but also allow for mixing among Higgs representations. To that end, we assume several Higgs representations of the same kind:
and
The terms W Z Φ µνρλZ , respectively. We next eliminate Φ X , Φ µνY , Φ µνρλZ as superheavy dimension-5 operators using the F-flatness conditions:
The above leads to
I 1 , I 45 and I 210 can be computed quite straightforwardly by integrating out the heavy SO(10) singlet, 45 and 210 plets fields in the superpotential. Details are given in Appendix A. We record here the results.
ad,cb + 5λ
ad,cb + 3λ
ad,cb + 25λ
The exact same technique can be used to compute the quartic couplings of the form [5] . After spontaneous breaking, the Higgs multiplet can develop vacuum expectation values generating mass terms for some of the quark, lepton and neutrino fields. An example of such operators can be found in Ref. [9] . A further discussion of model building is given in Sec.7.
Vector Couplings
For the construction of couplings of vector fields with 16 ± plets it is natural to consider the couplings of the 1 and 45 vector fields as abelian and Yang-Mills gauge interactions. However, one cannot do the same for the 16 ± 16 ± 210 couplings. These couplings cannot be treated as gauge couplings as there are no corresponding Yang-Mills interactions for the 210 plet. For this reason we focus here first on the computation of the gauge couplings of the 1 and 45 plet of vector fields. The supersymmetric kinetic energy and gauge couplings of the chiral superfieldφ can be written in the usual superfield notation
whereV is the Lie valued vector superfield. Similarly the supersymmetric YangMills part of the Lagrangian can be gotten from
where W α is the field strength chiral spinor superfield. Since supersymmetry does not play any special role in the analysis of SO(10) Clebsch-Gordon co-efficients, we will display in the analysis here only the parts of the Lagrangian relevant for our discussion. Thus the interactions of the 16 + with gauge vectors for the 1 and 45 plet cases are given by We first present the result of the trivial 16 × 16 × 1 couplings. Eqs.(39) and (13) at once give
The barred matter fields are defined so that
A similar analysis gives L
(1)
−− and one has
We next discuss the couplings of the 45 plet gauge tensor Φ Aµν whose decomposition in terms of reducible SU (5) 
and normalized so that
The kinetic energy for the 45-plet is given by − 
where F AB µν is the 45 of SO(10) field strength tensor. As mentioned in the beginning of this section we do not exhibit the gaugino and D terms needed for supersymmetry since their normalization is fixed relative to terms exhibited in Eq.(45). Using Eqs. (40), (16) and the above normalizations we find
A similar analysis gives
We discuss now the 210 vector multiplet. This vector mutiplet is not a gauge multiplet with the usual Yang-Mills interactions. This makes the multiplet rather pathological and it cannot be treated in a normal fashion. Specifically Eq.(37) is not valid for this case in any direct fashion. However, for the sake of completeness, we present here the SO(10) globally invariant couplings corresponding to Eq.(40). Thus we have
To compute the couplings we carry out expansions similar to Eqs. (22) and (23) and to normalize the fields we carry out a field redefinition
so that the 210-plet's kinetic energy − 1 4
As discussed above, the 210 vector multiplet is not a gauge multiplet and thus the quantity G AB is just an ordinary curl. Using Eqs. 
++ . One finds
Supersymmetrizations of Eqs. (51) and (52) requires that we deal with a massive vector multiplet and this topic will be dealt elsewhere [10] .
Possible role of large tensor representations in model building
Most of the model building in SO(10) has occured using small Higgs representations [11] and large representations are generally avoided as they lead to non-perturbative physics above the grand unified scale. However, for the purposes of physics below the grand unified scale, the existence of non-perturbativity above the unified scale is not a central concern since the region above this scale in any case cannot be fully understood without taking into account quantum gravity effects. Thus there is no fundamental reason not to consider model building which allows for couplings with large tensor representations. Indeed large tensor representations have some very interesting and desirable features. Thus, for example, if the 126 develops a VEV in the direction of 45 of SU (5) one can get the ratio 3:1 in the "22" element of the lepton vs. the down quark sector in a natural fashion as desired in the Georgi-Jarlskog textures [12] . A similar 3:1 ratio also appears in the 120 plet couplings. Because of this feature the tensor representations 120 and 126 have already appeared in several analyses of lepton and quark textures [6] . Further, it was pointed out in Ref. [5] that the tensor representation 126 may also play a role in suppressing proton decay arising from dimension five operators in supersymmetric models. This is so because couplings involving 126 plet of Higgs to 16 plet of matter do not give rise to dimension five operators. The result derived here including the computation of cubic and quartic couplings may find application also in the study of neutrino masses and mixings. which have already been computed in the work of Ref. [5] . An analysis of vector couplings involving the SO(10) vector mutiplets 1, 45 and 210 was also given. In all of our analysis we have made explicit use of the theorem developed in Ref [5] on the decomposition of SO(10) vertices which allows the complete determination of the couplings with large tensor representations. It would be very straightforward now to expand all the SU(5) invariants in terms of SU(3) C × SU(2) L × U(1) Y invariants using the particle assignments given by Eq. (7) and an example of this is given in Appendix B. We also discussed in this paper some interesting features of large tensor representations and the role they may play in future model building.
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Appendix A
We expand here on the technique for the elimination of heavy fields for the case when the fields belong to a large tensor representation. There are infact three approaches one can use in affecting this elimination. The first one is the direct approach where one eliminates the heavy large Higgs representation in its SO (10) form. While this is the most straightforward approach the disadvantage is that the analysis of dimension 4 operators cannot be directly made use of and one has to carry out the entire computation from scratch. An alternative possibility is that one utilizes the result of computations of dimension 4 operators already done to compute dimension five operators. In this case, however, since all the heavy Higgs fields are in their SU (5) them. This procedure has the advantage of having the cancellations of procedure 2 already built in. We give now more details of the three approaches.
We begin by discussion of the first approach where one eliminates the heavy fields in the superpotential before one carries out an SU(5) decomposition. Here on using the flatness conditions one finds 
+18 < Ψ I 45 computed above is the same as I 45 given by Eq.(34) using the direct method Eliminating the reducible SU(5) Higgs fields through the F-flatness condition we
